The use of light as a trigger for chemical reactions allows for precise control of both the time and location of the reaction. Spatiotemporal control of biological systems allows for in-depth study of a specific target when and where desired. This technique has been applied to activation/inactivation of neurons [1] , control of enzymatic function [2] [3] [4] , and control of drug release to target specific cells [5] . In the case of optogenetics, the photochemical process commonly occurs through a genetically encoded opsin protein [1, 6] . Protein functional control, which often requires covalent modification [7] [8] [9] , uses chromophores such as azo-benzene or nitrobenzyl [10, 11] . Employing photochemical triggers in living systems requires water-solubility, activation by visible or near-infrared light, minimal toxicity, and no interaction with the biological system that is being studied.
Biological control over local and global proton concentration (pH) is critical to cellular viability. Enzymatic function [12, 13] , protein structure [14] , and lysosomal function [15, 16] are a few examples highlighting the importance of pH for proper cellular function. To this end, it would be of value to develop photochemical proton control systems for use in kinetic investigations of these systems. Traditional photoacids, such as 2-naphthol, suffer from biocompatability issues, low solubility, and nanosecond lifetimes (of the photoinduced reduction in pKa) that are shorter than the timing of many biological transformations that rely on H + transfer [17, 18] . Recently, photoacids have been synthesized based on the merocyanine scaffold (Scheme 1a, 3 and 4). These photoacids can be used to trigger bulk pH changes that persist for seconds [19, 20] . We have found, however, that 3 is not amenable to use with ion channels, and the use of 4 is restricted due to its limited solubility in water. We sought to use this scaffold to produce a water-soluble, biocompatible photoacid that could be used to trigger protonsensitive biological processes.
Acid sensitive ion channels (ASICs) are cation-selective channels that are found throughout the central and peripheral nervous systems in mammals [21, 22] . ASICs are ligand-gated, and respond to an increase in the local proton concentration. Crystal structures of ASICs, solved under a variety of conditions, reveal trimeric stoichiometry and a "hand-like" structure, with several acidic amino acids acting as possible proton binding sites [23] [24] [25] . These channels are associated with vision, pain, and sensory transmission [26] [27] [28] [29] [30] [31] [32] . Another example of an acid-sensitive ion channel is the Gloeobacter ligand-gated ion channel (GLIC), a pentameric, prokaryotic channel that is highly homologous to the large family of mammalian Cys-loop receptors, typified by the nicotinic acetylcholine receptor.
Here, we describe the synthesis of a sulfonated photoacid, 1, and show that we can trigger activation of two acid-sensitive ligand-gated ion channels, mammalian ASIC isoform 2a and GLIC. Importantly, we show that 1 and its photoproduct 2 do not interact with these channels, apart from the desired phototriggered proton delivery. We have also investigated the kinetics of proton transfer from 1. Importantly, our work establishes 1 as a new spatiotemporal tool for the study of pH-sensitive biological and chemical systems.
ASIC2a was expressed heterologously in Xenopus laevis oocytes according to literature protocols [33, 34] . ASIC activation was monitored using whole-cell voltage-clamp electrophysiology, and expression was verified using pH jumps, with the observed pH50 of 3.8, in accord with published data. As a demonstration of photoactivation ( Figure 1a ), 1, dissolved in ND96 salts (96 mM aqueous NaCl, 2 mM KCl, 1 mM MgCl2), was pH adjusted to ~5.8, and applied to oocytes expressing ASIC2a. Application of 1 in the dark resulted in a small current change, which is due to the small basal response of ASIC2a to pH 5.8 solutions. After an incubation time of ca. 25 s, a 455 nm LED was then used to irradiate a single oocyte. Irradiation occurred for 10 s, which resulted in a rapid rise in current ( Figure 1a , black line). This current change is associated with the activation of ASIC2a as a result of the light-activated release of protons by 1 (Scheme 1c).
After the LED was turned off, current from ASIC2a returned to baseline. Before and after exposure to 1, pH 5.5 current response of ASIC2a-expressing oocytes was measured ( Figure  1a , red and blue lines respectively). This current response did not change after exposure to 1, showing that the photoacid does not have any prolonged effect on the channel. Importantly, no current response was observed without irradiation ( Figure SI 3a) .
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This irradiation requirement demonstrates the ability of temporal and spatial activation of ASIC2a with 1, as both when and where light is delivered are easily tunable. Oocytes not expressing ASIC2a did not show a response upon application or irradiation of 1 ( Figure SI 3b ). This result shows that native oocyte ion channels are not activated, and the current response of ASIC2a expressing oocytes under irradiation is attributed to the presence of ASIC2a channels.
When considering the use of photoactive molecules in a biological context, it is crucial to evaluate the effect of both the "pro-drug" (pre-photolysis) as well as the "post-drug" (postphotolysis products) on the system of interest. In the present system, that means that both 1 and 2 cannot interact with the ion channel. To address this concern, 1 was dissolved in pH 5.5 buffer and applied to ASIC2a-expressing oocytes (Figure 1b) . The currents observed with 1 in buffer (Figure 1b , black line) are consistent with the pH 5.5 response of ASIC2a to just a buffered solution before application of 1 (Figure 1b, red line) . This result indicates that the pro-drug does not deleteriously affect ASIC2a channels. Upon irradiation of this oocyte, no change in current was observed (Figure 1b, black line) . Irradiation under these conditions will form 2, the post-drug; however, a bulk pH change is not induced due to the buffer, allowing an interaction between ASIC2a and 2 to be observed directly. Given that there was no change in current upon irradiation in buffered solution, we conclude that 1 and 2 do not interact deleteriously with ASIC2a.
We have also demonstrated the photoactivation of GLIC, an acid-sensitive member of the pentameric ligand-gated ion channel family. Again, 1 was able to activate GLIC only upon irradiation (Figure 2a) , and no deleterious interactions were observed between GLIC and either 1 or 2 (Figure 2b ). This establishes that 1 is a generic photoacid, capable of activating a range of channels and, by extension, other acid-sensitive proteins. Importantly, comparable studies with the related system 4 were not successful. This is because 4 (pre-photolysis), and the spiropyran photoproduct are generic channel blockers, disrupting the function of both ASIC2a and GLIC (SI Figure 3, c  and d ). It is not unusual for small molecules such as 4, with significant hydrophobicity and a cationic center, to plug ion channels, a prototype being the local anesthetic lidocaine. It is for this reason that we added the additional sulfonate to 1, creating a system that is compatible with ion channels. Synthesis of 1 (Scheme 1b) was carried out by first heating salicylideneaniline in neat sulfuric acid at 100˚C, followed by base-catalyzed deprotection to the sulfonated-salicylaldehyde [35] .
The product crystallized as brown needles. Condensation with 2-methyl-1-(3-sulfonatepropyl)-benzothiazolium in ethanol afforded 1 as a bright orange powder. 1 is very soluble in water, DMSO, and DMF, slightly soluble in EtOH and MeOH, and insoluble in acetonitrile, ethyl acetate, and acetone.
We have fully characterized the photochemical and photophysical properties of 1. First, a 20 μM solution of 1 in ND96 salts was adjusted to a pH of ca. 6.0 using NaOH. The resulting orange solution exhibits absorption maxima at 416 and 519 nm (Figure 3, black trace) . A pH titration of 1 results in clean conversion between two species and an observed pKa of ca. 6.2 (SI Figure 1) ; the 416 nm band is assigned to the protonated form of the photoacid, and the 519 nm band to the deprotonated form, consistent with literature data [19, 20] . Upon irradiation with a 455 nm LED, these visible bands were lost and new bands at 204, 226, and 276 nm developed within seconds (Figure 3 , red trace). We assign these bands to the ring-closed, deprotonated spiropyran 2. The thermal opening of 2 to 1 was monitored by UV-visible spectroscopy (Figure 3) . Clean isosbestic points are present at 197, 260, and 301 nm, and complete conversion back to 1 over an hour. Irradiation outside of the major absorption range of 1 (632.8 nm, HeNe laser) produced only minimal conversion at pH 6.0 after 140 min and no conversion after 60 min at pH 8.0 (Figure SI 2) .
The pH of solutions of 1 (ca. 1 mM) in ND96 salts was monitored under 455 nm LED irradiation. The starting pH was 6.0, and upon irradiation the pH of the solution dropped and stabilized at ca. 3.6 over the course of 2 min. At this time the solution was colorless, as expected from the absorption spectrum of 2. Again, irradiation into the electronic absorption bands was required for the photochemical process to occur; no pH change was observed after 2 h of 632.8 nm irradiation. When We sought to investigate the rate of proton delivery by 1. To address this matter, the protonation of a pH sensitive dye, bromocresol green (BCG), was monitored using time-resolved nanosecond transient absorption spectroscopy (Figure 4 ) [17, 36] . 1 was dissolved in ND96 salts (pH ca. 6.0) and BCG was added. Deprotonated BCG has an intense absorbance peak centered at 616 nm, which decreases upon protonation [37] . A solution of 1 with BCG was excited with a 455 nm pulse of a nanosecond Nd:YAG laser, and protonation of bromocresol green was observed at 632.8 nm using a HeNe probe laser. Excitation resulted in a decreased absorbance at 632.8 nm (Figure 4 The protonation kinetics of BCG were examined using two other previously established merocyanine photoacids (3 and 4) [19, 20] . The concentrations of 1, 3, 4 and BCG were equivalent, allowing for the observed protonation rates to reflect the reactivity differences of each photoacid. Replacing the sulfonate with a proton (4) , and the phenol with an indazole (3) resulted in a markedly slower protonation of BCG (Figure 4 , blue and red lines, respectively) when compared to 1. In summary, we have shown the photoactivation of the acidsensitive ligand-gated ion channels ASIC2a and GLIC. To the best of our knowledge this is the first report of photoactivation of any acid-sensitive ion channel. Eukaryotic acid-sensitive channels (ASIC) play important roles in stroke, pain, and retinal function. [22, 29] . Our approach should be applicable to selective activation of these ASIC channels, allowing for the further study of these channels in complex biological environments. This activation has been achieved through the use of a reversible, highly water-soluble merocyanine photoacid 1. Proton release from this molecule was triggered by visible light and resulted in a reversible bulk pH change. We have also shown that the protonation of a base was complete within 1 ms. Our approach allows for the precise spatiotemporal control of proton delivery in aqueous media. The use of this photoacid, and anticipated derivatives with altered pKa values, is not limited to the activation of ion channels, but can be extended to other physiological and chemical processes associated with proton concentration changes.
